Sickle cell disease causes severe pain. We examined pain-related behaviors, correlative neurochemical changes, and analgesic effects of morphine and cannabinoids in transgenic mice expressing human sickle hemoglobin (HbS). Paw withdrawal threshold and withdrawal latency (to mechanical and thermal stimuli, respectively) and grip force were lower in homozygous and hemizygous Berkley mice (BERK and hBERK1, respectively) compared with control mice expressing human hemoglobin A (HbA-BERK), indicating deep/musculoskeletal and cutane-ous hyperalgesia. Peripheral nerves and blood vessels were structurally altered in BERK and hBERK1 skin, with decreased expression of opioid receptor and increased calcitonin gene-related peptide and substance P immunoreactivity. Activators of neuropathic and inflammatory pain (p38 mitogen-activated protein kinase, STAT3, and mitogen-activated protein kinase/extracellular signal-regulated kinase) showed increased phosphorylation, with accompanying increase in COX-2, interleukin-6, and Toll-like receptor 4 in the spinal cord of hBERK1 com-pared with HbA-BERK. These neurochemical changes in the periphery and spinal cord may contribute to hyperalgesia in mice expressing HbS. In BERK and hBERK1, hyperalgesia was markedly attenuated by morphine and cannabinoid receptor agonist CP 55940. We show that mice expressing HbS exhibit characteristics of pain observed in sickle cell disease patients, and neurochemical changes suggestive of nociceptor and glial activation. Importantly, cannabinoids attenuate pain in mice expressing HbS. (Blood. 2010;116(3):456-465) 
Introduction
Sickle cell disease (SCD) is accompanied by acute painful episodes ("crises") superimposed on chronic pain. 1 Pain in SCD starts early in life, increases in severity with age, and is particularly difficult to treat. The pathophysiology of SCD is compounded by inflammation, vasculopathy, ischemia-reperfusion injury, organ damage, and neuropathy, each of which may contribute to pain. For example, behaviorally, "crises" result in acute episodes of severe pain, whereas ensuing tissue and/or bone damage leads to persistent pain. In addition, inflammation in SCD may potentiate both episodic and persistent pain. Clinical studies show marked variability in pain presentation, resulting from diverse factors, including geographic location, sex, age, and temperature, demonstrating the complexity of pain in SCD. [1] [2] [3] The mechanisms underlying chronic pain in SCD remain poorly defined.
Opioids are the mainstay of treatment for severe pain associated with SCD. 3 High doses of opioids are required because of altered pharmacokinetics of morphine and increased clearance. [4] [5] [6] The efficacy of long-term opioid administration is also impaired by the development of opioid tolerance or opioid-induced hyperalgesia (see Table 1 for definitions). Further, chronic opioid use in SCD may lead to adverse effects on peripheral systems, including renal toxicity and acute chest syndrome. 7, 8 Identification of alternative or adjunctive analgesic agents is therefore needed.
Cannabinoids offer a novel approach to treat chronic pain and hyperalgesia. [9] [10] [11] [12] [13] Inhaled or systemically injected cannabinoids are effective in treating pain in HIV/AIDS and multiple sclerosis and breakthrough pain in cancer. 9, 13, 14 Activation of peripheral cannabinoid receptors attenuates hyperalgesia in inflammation and cancer. 9 Selective pharmacologic activation of peripheral cannabinoid receptors to attenuate pain is particularly appealing because it might avoid side effects associated with activation of cannabinoid receptors in the central nervous system. Because pain in SCD may have both inflammatory and neuropathic components, we hypothesized that cannabinoids may provide pain relief in SCD.
Both inflammatory and nociceptive stimuli activate the mitogenactivated protein kinase (MAPK) family of kinases, including p38 and extracellular signal-regulated kinase (ERK) in primary sensory neurons, leading to the sensitization of nociceptors and activation of spinal glial cells, 15 which contributes to facilitation of pain transmission at the level of the spinal cord (central sensitization). Nociceptor sensitization may lead to an increase in release of calcitonin gene-related peptide (CGRP) and substance P (SP) from peripheral nerve endings, causing neurogenic inflammation and hyperalgesia. 16 This vicious cycle of inflammatory and nociceptive insult followed by nociceptor sensitization may thus contribute to increased hyperalgesia and chronic pain. However, it is unknown whether these signaling pathways are activated and contribute to pain in SCD. SCD in humans, and transgenic mice expressing sickle hemoglobin (HbS), share the presence of a systemic inflammatory state. 17, 18 One such mouse model exhibits facilitation of the tail flick reflex, 19 suggesting enhanced nociception in this model. In the present studies, we used an array of behavioral measures to characterize pain in transgenic mice expressing human HbS, and assessed the analgesic effects of opioids and cannabinoids. We also investigated morphologic and biochemical changes in primary afferent neurons and in the spinal cord. We show that peripheral vascular insult is paralleled by cutaneous and deep hyperalgesia, and is attenuated by opioids and cannabinoids. Structural and neurochemical changes were identified in the periphery and spinal cord, which may contribute to hyperalgesia in mice expressing HbS.
Methods
Detailed methods are provided in the supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Mice
We used 2 transgenic murine models that express human HbS and a control mouse that expresses normal human hemoglobin A.
Berkley (BERK) mice are homozygous for knockout of both murine ␣ and ␤ globins and carry a single copy of the linked transgenes for human ␣ and ␤ S globins. Therefore, BERK mice express human ␣ and ␤ S globin chains (thus, human hemoglobin S), but no murine ␣ or ␤ globins. 20 They have severe disease that simulates human sickle cell anemia (hemolysis, reticulocytosis, anemia, extensive organ damage, and shortened life span). 20 hBERK1 mice are homozygous for knockout of murine ␣ globin, hemizygous for knockout of murine ␤ globin, and carry a single copy of the linked transgenes for human ␣ and ␤ S globins. 20 hBERK mice express the following globin chains: human ␣, human ␤ S , and murine ␤ (thus, human hemoglobin S and a hybrid human ␣/mouse ␤ hemoglobin). 21 Both BERK and hBERK1 are on the same mixed genetic background and are bred as littermates.
Control HbA-BERK mice have the same mixed background as BERK and hBERK1 but exclusively express human ␣ and ␤ A globins (thus, normal human hemoglobin A) but no murine ␣ or ␤ globins. 20 Mice were bred in a pathogen-free facility, maintained under controlled environmental conditions (12 hours light-to-dark cycle, at 23°C), and were genotyped and phenotyped as described by us. 18 Experiments were approved by the Institutional Animal Care and Use Committee at the University of Minnesota.
Drugs and their use
Effect of opioids and cannabinoids on deep hyperalgesia. HbA-BERK, BERK, and hBERK1 mice were given 10 or 20 mg/kg morphine sulfate intraperitoneally in a volume of 100 L. Grip force was determined before and at 1, 2, 4, and 24 hours after injection. Dose of morphine was selected based on the standard dose of morphine used in mouse models of other chronic painful conditions, which is approximately 10 mg/kg. 22 ED 50 doses of morphine in different strains of mice for analgesia range from approximately 4 to 12 mg/kg, which are much higher relative to morphine dose in humans. 23 This could be the result of shorter half-life of morphine (ϳ 42 minutes) in mice compared with humans (2-4 hours). 24 The cannabinoid receptor agonist, (-)-cis-3-[2-hydroxy-4(1,1-dimethylheptyl)phenyl]-trans-4-(3-hydroxypropyl) cyclohexanol (CP 55940; Tocris Bioscience) was prepared in 5% emulphor, 5% ethanol, and 90% normal saline. Separate groups of HbA-BERK, BERK, and hBERK1 mice received 0.3 mg/kg CP 55940 intraperitoneally in a volume of 0.1 mL/10 g body weight. Grip force and catalepsy (bar test described in the supplemental Methods) were determined before and at 0.5, 1, 1.5, 3, 6, and 24 hours after injection.
Modulation of inflammatory hyperalgesia by activation of peripheral cannabinoid receptors
Inflammation of the left hind paw was produced in mice by intraplantar injection of 10 g (in 10 L) complete Freund adjuvant (CFA; Sigma-Aldrich). Paw withdrawal frequency (PWF) evoked by the application of the 1.0 g von Frey monofilament was determined before and at 24 hours after CFA. Mice then received an intraplantar injection of the cannabinoid receptor agonist CP 55940 (10 g in 10 L) or vehicle, and PWF and time spent on the bar (bar test) were determined at 1, 3, and 6 hours after injection.
Pain-related behaviors
Grip force. To evaluate deep tissue hyperalgesia, forepaw grip force was measured using a computerized grip force meter.
Mechanical hyperalgesia. To assess sensitivity to a mechanical stimulus, paw withdrawal threshold and PWF evoked by calibrated von Frey (Semmes-Weinstein) monofilaments (Stoelting) were determined.
Heat hyperalgesia. Paw withdrawal latency (PWL) was recorded in response to a radiant heat stimulus applied to the plantar surface of a single hind paw from underneath a glass floor with a projector lamp bulb.
Cold hyperalgesia. The latency to initial lifting of either forepaw on cold plate (4°C) and the number of times mice lifted or rubbed the forepaws together (PWF) over a period of 2 minutes were determined.
Histology, laser scanning confocal microscopy, and immunofluorescence microscopy
For laser scanning confocal microscopy, sections were immunostained using the following primary antibodies: lymphatic vessels, 1:500 goat anti-LYVE 1 (R&D Systems); blood vessels, 1:200 rat anti-CD31 (Santa Cruz Biotechnology); and peripheral nerves, 1:1000 rabbit anti-PGP 9.5 (Biogenesis), 1:200 anti-CGRP (Abcam), and 1:200 anti-SP (Serotec). This was followed by staining with species specific secondary antibodies labeled with Cy2, Cy3, and Cy5 (Jackson ImmunoResearch). In parallel, control primary antibodies were substituted by isotype-matched IgG. A montage of overlapping fields of view was prepared from the Z-stack images of 1.62 m each, acquired using a FluoView FV1000 Laser Scanning Confocal Microscope (Olympus America).
For immunofluorescence microscopy, cryosections were immunostained with 1:100 anti-opioid receptor (MOR; Chemicon International), 1:50 anti-CD31-PE (BD Biosciences PharMingen), and 4,6-diamidino-2phenylindole (Invitrogen), as described by us previously. 25 Isotypematched primary antibody controls included rabbit anti-mouse IgG and rat anti-mouse IgG (Jackson ImmunoResearch). For personal use only. on November 10, 2015. by guest www.bloodjournal.org From
Western immunoblotting of brain and whole spinal cord lysates
Western immunoblotting was performed using antibodies to phospho-p38 MAPK (p38 MAPK-Thr180/Tyr182), total p38, ERK (MAPK/ERK-Thr202/ Tyr204), total p44/42 MAPK/ERK; phospho-signal transducer and activator of transcription 3 (STAT3-Tyr705), and total STAT3 (79D7; all from Cell Signaling Technology).
Reverse-transcribed polymerase chain reaction
RNA from whole spinal cords and brains was analyzed for transcripts of cyclo-oxygenase 2 (COX-2), MOR, interleukin 6 (IL-6), Toll-like receptor 4 (TLR-4), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The polymerase chain reaction products were sequenced to verify the expected DNA sequences.
Statistical analysis
Information on statistical analysis is contained in supplemental Methods.
Results
Behavioral, histochemical, and morphologic approaches were used to characterize pain-related behaviors and investigate underlying mechanisms in the periphery and spinal cord. We also observed pathologic changes in the vasculature and in morphology and chemistry of peripheral nerves, as well as changes in glial activation in the spinal cord that may contribute to persistent pain and hyperalgesia.
Mice expressing HbS exhibit deep and cutaneous hyperalgesia
Deep hyperalgesia. Because chronic musculoskeletal pain is a frequent consequence of SCD, we tested for musculoskeletal pain in BERK and hBERK1 mice in the absence of any traumatic/vascular/inflammatory insult, using the grip force test. A lower force indicates increased nociception. Grip force decreased with increasing age in both BERK and hBERK1 mice ( Figure 1A ,E). BERK and hBERK1 had lower grip force compared with age-and sex-matched control HbA-BERK mice ( Figure 1D ). hBERK1 females showed significantly lower grip force compared with age-matched males ( Figure 1E ). These data indicate the presence of spontaneous, chronic deep tissue/ musculoskeletal hyperalgesia in hBERK1 and BERK mice, which increases with age.
Mechanical hyperalgesia. Paw withdrawal thresholds determined using von Frey monofilaments were lower in mice expressing HbS. Withdrawal threshold in 10-and 8-month-old BERK and hBERK1, respectively, were lower than in HbA-BERK mice ( Figure 1B,F) . Similarly, PWF evoked by the standard monofilament (1.0 g; 4.08 mN) was higher in mice expressing HbS compared with HbA-BERK ( Figure 1C ,G). HbA-BERK mice did not show any significant age-related changes in PWF ( Figure  1C ,G). PWF increased consistently with age in both BERK and hBERK1 ( Figure 1C ,G). Thus, paw withdrawal threshold is decreased and PWF is increased in both BERK and hBERK1, suggesting that these mice have mechanical hyperalgesia, which increases further with age. Heat hyperalgesia. Decrease in PWL was observed in 5-and 10-month-old male BERK (Figure 2A ) as well as in 8-month-old male and female hBERK1 ( Figure 2D ) mice, compared with ageand sex-matched HbA-BERK controls. Female HbA-BERK and hBERK1 mice had shorter PWL compared with their male counterparts. Because shorter PWL indicates increased sensitivity to heat, these data suggest that BERK and hBERK1 mice have enhanced sensitivity to heat.
Cold hyperalgesia. We examined sensitivity to cold in 5-and 10-month-old BERK ( Figure 2B -C), 15-month-old hBERK1 (Figure 2E-F), and age-and sex-matched HbA-BERK mice using a cold plate maintained at 4°C. Older (10 months) but not younger (5 months) BERK exhibited higher PWF and shorter PWL compared with age-matched HbA-BERK mice. Fifteen-month-old hBERK1 of both sexes exhibited increased sensitivity to cold compared with age-and sex-matched HbA-BERK mice. Female hBERK1 had a higher PWF and shorter PWL compared with males. No significant differences were seen between female and male BERK mice (data not shown). Female HbA-BERK controls showed higher PWF compared with males, but no difference in PWL. Thus, sensitivity to cold was greater in BERK and hBERK1 compared with HbA-BERK mice.
Effect of morphine and cannabinoid receptor agonist CP 55940 on deep tissue hyperalgesia
Because morphine is used to treat pain in patients with SCD, we examined whether morphine can reduce deep tissue hyperalgesia in BERK and hBERK1 mice ( Figure 3A ,C). We also examined whether the cannabinoid receptor agonist CP 55940 would attenuate deep hyperalgesia in BERK and hBERK1 mice ( Figure 3B,D) . Injection of 20 mg/kg, but not 10 mg/kg, morphine increased grip force in BERK ( Figure 3A ) and hBERK1 ( Figure 3C ) mice from 1 to 4 hours after treatment. Grip force returned to preinjection levels by 24 hours after injection.
Similar to the effect produced by 20 mg/kg morphine, systemic (intraperitoneal) administration of only 0.3 mg/kg CP 55940 also increased grip force in both BERK ( Figure 3B ) and hBERK1 ( Figure 3D ) mice, from 0.5 to 6 hours after injection compared with pretreatment (baseline) values and compared with vehicle. Grip force returned to baseline values by 24 hours after injection. Morphine and CP 55940 had no effect on grip force in age-and sex-matched control HbA-BERK mice (supplemental Figure 1A -B). CP 55940 did not produce catalepsy (supplemental Figure  1C -D). These data indicate that, as in humans with SCD, morphine attenuates musculoskeletal pain in BERK and hBERK1 mice and further that low doses of cannabinoids may be effective in attenuating deep tissue pain in these mice.
Local administration of CP 55940 attenuates CFA-induced pain
Systemic administration of CP 55940 attenuated hyperalgesia without producing catalepsy, suggesting that the antihyperalgesia effect was mediated by peripheral mechanisms. We therefore investigated whether direct activation of peripheral cannabinoid receptors by local intraplantar administration of CP 55940 (10 g in 10 L) would attenuate mechanical hyperalgesia. We evaluated the effects of CP 55940 after localized inflammation induced by CFA ( Figure 4 ) to mimic the localized acute pain and inflammation that occur in SCD. All mice (BERK, hBERK1, and HbA-BERK) exhibited an increase in PWF to the standard von Frey monofilament at 24 hours after intraplantar injection of CFA in the left hind paw. Injection of CP 55940, but not vehicle, reduced the CFAinduced increase in PWF in BERK and hBERK1 mice. CP 55940 did not have any effect on age-and sex-matched HBA-BERK mice (supplemental Figure 1) . CP 55940 did not produce catalepsy (supplemental Figure 2 ), suggesting that the antihyperalgesic effect of CP 55940 was the result of activation of peripheral and not central cannabinoid receptors.
Alterations in the architecture of dermal blood vessels, nerves, and lymphatics in BERK and hBERK1 mice
To examine whether changes in the structure of the skin and cutaneous innervation might contribute to increased hyperalgesia, For personal use only. on November 10, 2015. by guest www.bloodjournal.org From we examined the skin of BERK and hBERK1 and control HbA-BERK mice. Control HbA-BERK mice ( Figure 5A ) showed normal vascular architecture replete with plexuses of blood vessel and nerves and well-organized branching of dense nerve fibers and blood vessels in the dermis. Nerve fibers and blood vessels ran parallel to and wrapped around each other. Blood vessels and nerves surrounded the hair follicles. The lymphatic vessels appeared wide, with open ends facing the epidermis. The peripheral nerve fibers ran parallel to blood vessels, and the nerve plexuses ran parallel to the vascular plexuses in the deep dermis.
In contrast, the architecture of nerve plexus and PGP9.5 immunoreactive peripheral nerve fibers was distorted in both BERK and hBERK1 mice. Compared with HbA-BERK, fewer nerve fibers were seen in the dermis and were haphazardly oriented with respect to the blood vessels. hBERK1 mice showed moderately abnormal structure and organization of blood vessels, nerves, and lymphatics ( Figure 5B) , with loss of the normal association of these structures. Further, in hBERK1 mice, vascular plexuses were absent and blood vessels were markedly diminished in the deep dermis; the few remaining vessels were disorganized and frequently invaded the epidermis. The lymphatics were stringy and loosely oriented compared with HbA-BERK mice. All these structures were even more abnormal in BERK mice ( Figure  5C-D) . Higher magnification of BERK skin ( Figure 5D ) showed collateralization of nerve fibers and sprouting (shown in the inset). These abnormalities were accompanied by significant thinning of the epidermis and dermis in hBERK1 and BERK compared with HbA-BERK mice ( Figure 5E ; supplemental Figure 3 ). These data suggest that sickle vasculopathy is accompanied by marked perturbation of peripheral nerve fibers and lymphatics in the skin and reduction in epidermal and dermal thickness.
Elevation of SP and CGRP, and reduction in MOR expression in mice expressing HbS
We next investigated whether changes also occurred in neurochemistry. We determined whether the expression of SP and CGRP, which are found in nociceptive nerve fibers, was altered in the skin of BERK ( Figure 6E ) and hBERK1 mice ( Figure 6C ). We observed increased immunoreactivity for both SP and CGRP in BERK and hBERK1 skin compared with the skin of HbA-BERK mice ( Figure  6A ). Intense, punctate SP and CGRP immunoreactivity was seen throughout the dermis and epidermis in BERK and hBERK1 mice. In addition, localized dense clusters of SP and CGRP immunoreactivity were seen in the deep dermis in BERK skin. Enhanced expression and release of neuropeptides from terminals of nociceptive afferent fibers probably contribute to neurogenic inflammation and hyperalgesia. MOR expression was lower in the epidermis and dermis of hBERK1 ( Figure 6D ) compared with HbA-BERK mice ( Figure  6B ). MOR expression also strongly colocalized with the CD31 ϩ blood vessels in HbA-BERK mice. The scarce blood vessels in hBERK1 mice showed relatively poor or no expression of MOR.
Glial activation in the spinal cord of mice expressing HbS
Because activation of spinal glia contribute to central sensitization and hyperalgesia, we examined the expression of mediators of central sensitization in the spinal cord of hBERK1 and HbA-BERK mice (Figure 7) . We observed higher expression of IL-6, COX-2, and TLR4 in the spinal cord of hBERK1 compared with HbA-BERK mice ( Figure 7A-B) . MOR expression was lower in the spinal cord of hBERK1, as was seen in the skin of these mice. The activation of several mediators of pain, including MAPK/ERK, p38 MAPK, and STAT3 was significantly increased in the spinal cord of hBERK1 mice (Figure 7C-D) . These data suggest that spinal glial and/or neuronal nociceptors are sensitized in mice expressing HbS.
Discussion
We show that mice expressing HbS (BERK and hBERK1) exhibit spontaneous deep/musculoskeletal pain and cutaneous hyperalge-sia to mechanical, heat, and cold stimuli. Both morphine and cannabinoid receptor agonist CP 55940 reduced hyperalgesia in mice expressing HbS. The skin of mice expressing HbS had thinner epidermal and dermal layers and decreased innervation suggestive of peripheral neuropathy. In addition, there was an increase in cutaneous expression of CGRP and SP. At the spinal cord level, there was an up-regulation of TLR4, IL-6-phospho, STAT3, COX-2, and phospho-MAPK and down-regulation of MOR. These changes may contribute to central sensitization and the accompanying hyperalgesia in mice expressing HbS.
Both BERK and hBERK1 exhibited more severe deep tissue and cutaneous hyperalgesia compared with HbA-BERK mice. The provenance of all 3 mice is identical: they were created in the same laboratory, at the same time, and on the same mixed genetic background. 20 Therefore, our findings are probably not simply the result of strain differences between these mice. Nevertheless, we cannot exclude the possibility that minor variation in mouse strains between BERK/hBERK1 (which are littermates) versus the control HbA-BERK may have contributed in part to observed differences in behavior. However, experiments with BERK and hBERK1 mice were also internally controlled because, within each genotype, we examined mice serially at different ages, mice of both sexes separately, and mice before and after treatment with opioids or CP 55940.
Our finding that hBERK1 mice exhibit pain-related behaviors qualitatively similar to BERK was unexpected. The reason for this is not known at present because relevant data are limited. hBERK1 mice have abnormal activation of pulmonary vein endothelium, just like BERK, 18 and they have renal histopathologic lesions (including inflammatory ones) that are similar to, but more severe than, hBERK2 littermates that have a higher level of HbS. 21 This has been interpreted as suggesting that the histopathology of hBERK1 is perhaps the result of tissue hypoxia caused by abnormally low oxygen affinity of the hybrid human ␣/mouse ␤ hemoglobin, leading to poor oxygen delivery. Ordinarily, a rightshifted oxygen dissociation curve would be expected to increase oxygen delivery to tissues, unless it was so right-shifted as to abnormally limit oxygen loading. Consistent with that notion, Noguchi et al 21 observed a peculiarly increased adverse sensitivity to severe hypoxia among hBERK1 animals compared with hBERK2 littermates. Thus, it seems probable that hBERK1 mice may have deficient oxygen loading; arterial hemoglobin oxygen saturation and pO 2 will need to be measured to confirm this. Nonetheless, it seems conceivable that the combination of a greater degree of arterial hypoxia (from high P50) plus the effect of macromolecular crowding (also called nonideal behavior) on activity of HbS could allow some in vivo sickling of red cells in hBERK1 mice despite its relatively low (ϳ 26%) level of HbS. The relatively hypoxic and acidic environment of some tissue beds (eg, renal, working muscle) would further augment this. Indeed, the latter 2 factors (even without arterial hypoxia), together with macromolecular crowding (because of high intracellular total hemoglobin concentration), allow human sickle trait red cells to sickle even though their intracellular HbS concentration is below the acknowledged C sat required for HbS polymerization.
Thus, it is conceivable that pain characteristics observed in the hBERK1 model may be a consequence of severe inflammation, altered oxygen availability, and organ disease, 18, 20, 21 which may in turn cause perturbation in the peripheral nerves and spinal activation of pain mediators observed herein. Perhaps these behaviors are further influenced by a different degree or tissue distribution of hypoxia in hBERK1 compared with BERK mice.
Hyperalgesia in mice expressing HbS
Increased sensitivity to cold and heat, suggestive of cutaneous hyperalgesia in mice expressing HbS, is consistent with recent observations that painful crises in patients with SCD are related, in part, to weather extremes. 26, 27 In SCD, painful crises and musculoskeletal pain may be a consequence of skin cooling that leads to cutaneous vasoconstriction and reflex vasoconstriction in muscles. 28, 29 Deep hyperalgesia observed in these mice appears to recapitulate the chronic musculoskeletal pain reported by patients with SCD. Ongoing muscle soreness and joint tenderness associated with painful crises, avascular necrosis of bone, and infarction of the bone marrow occur in SCD. 3, 30, 31 These pathologic abnormalities may contribute to nociceptor activation and sensitization, leading to central sensitization and tonic hyperalgesia.
Effects of age and sex on pain in SCD
We show that hyperalgesia in mice expressing HbS is influenced by age and sex. Older and female mice exhibited an increase in pain-associated behaviors compared with younger and male mice, respectively. Female hBERK1 (but not BERK; data not shown) uniformly showed an increase in both deep tissue and cutaneous hyperalgesia compared with male hBERK1. Similar gender-and age-based differences are observed in patients with SCD 32,33 : 10 to 19 years of age and females with SCD reported pain episodes of significantly longer duration, compared with less than 10 years of age and males, respectively. 4 Females with SCD reported higher pain intensity and number of body areas with pain compared with males, and older children reported a greater number of painful body sites than younger subjects. 32 Irrespective of sex, younger mice exhibited a greater degree of deep tissue and cutaneous thermal hyperalgesia, but less tactile allodynia, even though each of these increased with age. A uniform increase in nociceptive behaviors involving forelimbs (grip force) and hind limbs (mechanical and thermal tests) with age demonstrates an increase in pain sensitivity at multiple body sites. Younger mice expressing HbS showed lower forepaw grip force (deep hyperalgesia), but no difference was observed in younger mice in PWF to von Frey filaments. Thus, as with patients with SCD, it appears that pain and hyperalgesia in mice expressing HbS increase in intensity with age. This could be a consequence of the pathologic abnormalities similar to those observed in patients with SCD.
Effect of morphine on hyperalgesia in mice expressing HbS
Morphine (20 mg/kg) reduced deep hyperalgesia (increased grip force) in a time-dependent fashion, whereas a lower dose (10 mg/kg) was ineffective. Doses of morphine used in mice are considerably higher than doses required for analgesia in humans because of shorter half-life of morphine in mice ("Drugs and their use"). In SCD, relatively high doses of morphine or its congeners are required to treat pain, compared with analogous pain in other diseases. 4 The reason for this difference in effective opioid doses is not known. It is possible that this is the result, in part, of chronic and recurrent use of opioids resulting in opioid tolerance. However, in our study, mice had not received any prior treatment with morphine, suggesting that our results were not influenced by opioid tolerance. We found a decrease in MOR expression in the skin and spinal cord of hBERK1 mice compared with controls. Decreased MOR expression was also observed in the spinal cords of mice with the Theiler murine encephalomyelitis virus-induced mouse model of multiple sclerosis. 22 Reduction in MOR expression in the spinal cord correlated with the development of thermal and mechanical hyperalgesia in hBERK1. MOR is expressed on nerve terminals, neurons, axons, and afferent fibers, and thereby facilitates analgesia. 34 The requirement of higher doses of morphine to treat pain in SCD may be related to decreased MOR expression in the spinal cord and periphery. In addition, increased clearance and metabolism of morphine in SCD may contribute to the increased requirement of morphine. 4, 6 
Cannabinoid receptor agonist ameliorates hyperalgesia in mice expressing HbS
Because chronic opioid administration frequently causes troublesome side effects, we also investigated whether cannabinoids might be effective in treating pain in SCD. Clinically available cannabinoids, such as Sativex (⌬9-tetrahydrocannabinol ϩ cannabidiol), an oromucosal spray, and oral Dronabinol (⌬9-tetrahydrocannabinol), a CB1 and CB2 cannabinoid receptor agonist, are effective in treating chronic pain in multiple sclerosis and central pain states, and pain that persisted on opioids in cancer, fibromyalgia, and rheumatoid arthritis. 12, 13 We expect that, because of their manageable side effects and opioid-sparing activity, 12 newer cannabinoids may be received more favorably than crude cannabis-derived preparations by the medical, legislative, and judicial communities.
We used a synthetic CB1 and CB2 receptor agonist, CP 55940, which mimics the effect of tetrahydrocannabinol found in marijuana. It is effective in low doses to treat acute and chronic pain in animal models. 35 Indeed, we found that systemic administration of CP 55940 attenuated deep tissue hyperalgesia in mice expressing HbS. In a retrospective survey of 86 patients with SCD evaluating symptom relief, cannabis (marijuana) smoking reduced pain in 52% patients, led to a decrease in doses of other analgesics, and relieved anxiety and depression. 36 Our studies are consistent with this clinical study and underscore the need for prospective clinical trials to determine the efficacy of cannabinoids to treat pain in SCD.
Intraplantar injection of CP 55940 also attenuated hyperalgesia produced by CFA-induced inflammation in mice expressing HbS. This antihyperalgesic effect was the result of peripheral mechanisms because no catalepsy was observed. In other conditions, activation of cannabinoid receptors in the periphery reduces hyperalgesia after inflammation. 37, 38 Importantly, we also observed strong expression of CB1 and CB2 receptors in the brain and spinal cord, and to a similar extent in younger and older hBERK1 and BERK mice (data not shown). This could contribute to the effectiveness of a relatively low dose of CP 55940, whereas a relatively higher dose of morphine is required because of the lower expression of MOR. Collectively, our data suggest that cannabinoids may be effective in treating both chronic as well as acute, localized pain associated with SCD.
Because SCD induces an inflammatory state, 39 it is probable that pain in this disease is at least partly neuroinflammatory in nature. Consistent with this notion, we observed an increase in systemic as well as spinal expression of the inflammatory cytokine IL-6 in mice expressing HbS compared with controls. Similar to observations by others, 39, 40 serum levels of several cytokines were higher in hBERK1 mice compared with HbA-BERK mice: IL-1␣ (1.5-fold), IL-6 (3-fold), chemokine (C-C motif) ligand 5 (14-fold), and tumor necrosis factor ␣ (2-fold; data not shown), indicative of a systemic inflammatory state.
Structural and neurochemical changes in mice expressing HbS
Mice expressing HbS exhibited a variety of structural and neurochemical changes in the periphery and spinal cord. BERK and hBERK1 skin was less innervated, and the epidermis and dermis were thinner than in control HbA-BERK. The epidermis of MOR knockout mice is thinner than that of wild-type mice. 41 Selective loss of motor and sensory nerve after neuronal injury also results in epidermal thinning. 42 Therefore, down-regulation of MOR and reduction in innervation of the skin of mice expressing HbS, as observed by us, may contribute to thinning of the epidermis. A decrease in innervation is also indicative of peripheral neuropathy and suggests a neuropathic pain condition. Sprouting and perhaps regeneration of nerve fibers seen near the areas of nerve loss in BERK skin appear to be similar to those shown in neuropathic and inflammatory pain models. 43 Because lymphatic vessels are involved in immune cell trafficking, stringy and distorted lymphatic vessels in hBERK1 and BERK may be dysfunctional and therefore contribute to inflammation. Further, increased expression of CGRP and SP in the skin is suggestive of neurogenic inflammation. Dilated vessels in BERK may be the result of increased CGRP, a known vasodilator. CGRP and SP are increased in persistent and inflammatory pain states. 22, 44 Increased release of CGRP and SP may contribute to sensitization of nociceptors and hyperalgesia. 16 It appears that the inflammatory state in hBERK1 and BERK may be
